We have shown previously that the EBNA 1 and latent membrane protein encoding regions of the EpsteinBarr virus (EBV) genome are highly methylated at CCGG sequences in the Burkitt's lymphoma (BL)-derived cell line Rael, but are unmethylated in a lymphoblastoid cell line (LCL) harbouring the same virus. To examine whether this is a regular phenomenon, we compared the methylation patterns of selected regions (BamHl C, W, H, M, E, K and N fragments) of EBV DNA in representative EBVcarrying cell types of normal and neoplastic origin. Analysis of HpalI and MspI cleavage patterns showed that all probed regions were highly methylated in all six BL biopsy samples, but hypomethylated in the four LCLs immortalized by the virus. EBV DNA was also highly methylated in the nude mouse-passaged C15 nasopharyngeal carcinoma strain and partially methylated in the C18 strain. Eight BL lines propagated in vitro, ranging from a typical BL group I to a more LCLlike group III phenotype, showed heterogeneous levels of methylation. Rael, the only stable group I cell line, carried highly methylated viral genomes. The other cell lines, which have drifted to an LCL-like blastic phenotype to various degrees, showed more moderate or low viral DNA methylation. Two sublines of the BL cell line Jijoye, which could be classified as groups II and III, respectively, showed a corresponding difference in EBV DNA methylation. To assess the possible influence of hypomethylated linear EBV DNA molecules produced in lytically infected cells, the virus producer P3HR-1 and Jijoye M13 lines were compared for DNA methylation before and after treatment with phosphonoformic acid (PFA), an inhibitor of the viral DNA polymerase. PFA treatment resulted in a shift towards a more methylated pattern in both regions (BamHI W and E) assayed, but had no effect on virus non-producer lines (Rael, CB-M1-RaI-STO and Jijoye p79).
Introduction
The three main Epstein-Barr virus (EBV)-carrying proliferating cell types, lymphoblastoid cell lines (LCLs) of normal origin, Burkitt's lymphoma (BL) cells and nasopharyngeal carcinoma (NPC) cells, show a differential regulation of latent (i.e. non-lytic) viral gene expression. The most stringent control is found in BL cells in vivo; these cells express only one of the seven proteins known to be associated with growth transformation, EBNA 1, a DNA-binding protein required for the maintenance of viral episomes. The other six proteins, including the nuclear antigens, EBNA 2 to 6, and the transmembrane protein, latent membrane protein (LMP), are not expressed in vivo, nor in BL-derived cell lines that maintain the BL biopsy-like (group I) phenotype (Rowe et al., 1987) . During propagation in vitro, the majority of EBV-carrying BL cell lines tend to drift towards a more immunoblastic (LCL-like, groups II and III) phenotype; EBNA 2 to 6 and LMP are upregulated in the course of this process, resulting in a full LCL-like EBV expression pattern (Rowe et al., 1987) . NPC cells have been studied only in biopsy samples from in vivo tumours or as nude mouse-propagated solid tumour lines. They express EBNA 1 but not EBNA 2 to 6, and express LMP in about 65% of tumours (F~hreus et al., 1988) .
DNA methylation has been implicated in the control of viral gene expression and virus latency (see Doerfler, 1981 Doerfler, , 1983 Cedar, 1988 for reviews). We have found previously that 5-azacytidine, a drug inhibiting cytosine methylation, can induce EBNA 2 to 6 and LMP in Rael, a stable group I BL cell line (Masucci et al., 1989) . This suggests that DNA methylation may be involved in the down-regulation of these genes in BL cells. We have also found that CCGG sequences are highly methylated in the coding regions of EBNA I and LMP in Rael cells, but are unmethylated in an LCL that carried the same virus, rescued from Rael by cocultivation with cord blood cells . In C15, a nude mouse-passaged NPC cell line, the BamHI W fragment repeats and LMP coding sequences are highly methylated, whereas they Ernberg et al. (1986) ; (3) Kallin et al. (1986) ; (4) Young et al. (1987) ; (5) this study, data not shown; (6) Ernberg et aL (1989) .
:~ -, Negative result. § Two different sublines of Jijoye. 11 Lines with a deletion in the EBNA 2 coding sequence (Rowe et al., 1985; Jones et aL, 1984) . ¶ ND, Not determined. ** WW-1 BL was characterized as a CD23-positive cell line by Rowe et al. (1987) .
are unmethylated in cord blood cells transformed by EBV rescued from C15 . Since the EBV virion linear DNA is hypomethylated (Perlmann et al., 1982) , this suggests that the methylation status of EBV DNA is determined by the host cell phenotype. The present study had two main purposes. To assess whether the methylation status of the viral genomes in the Rael line was a BL-related characteristic, or an epiphenomenon that occurred in the course of prolonged passage in vitro, we examined six in vivo BL biopsies and found that their viral genomes were as highly methylated as those of the Rael line.
Our second objective was to assess whether differential methylation of EBV DNA in BL and LCL cells is a regular phenomenon. We extended our study to several additional regions of the viral genome, and investigated a spectrum of LCL and BL cell lines propagated in vitro. Particular attention was given to any changes that might be related to the drift of serially passaged BL cell lines to a more LCL-like phenotype. Our findings confirm that major differences in EBV DNA methylation can be related to the host cell phenotype and also show that most regions of the viral genome are involved.
Methods
BL biopsy samples. The biopsies were taken from patients of both sexes aged between 4 and 12 years in the course of our earlier collaborations with Drs Peter Clifford and Surjit Singh at the Kenyatta National Hospital, and Dr Charles Olweny at the Uganda Cancer Institute between 1974 and 1977 (Gunven et al., 1974; Olweny et al., 1977) . All biopsy samples were stored at -20 °C until DNA extraction.
Cell lines and tissue culture. LCL and BL cells lines were grown in RPMI 1640 tissue culture medium (Gibco) supplemented with 5% foetal calf serum. The cells were fed every 3 to 4 days and cultured at 37 °C in incubators with a 5% CO2 atmosphere and high humidity. Table 1 lists the cell lines analysed in this study. Fig. 1 . Regions of the EBV genome analysed in this study (a) and MspI cleavage sites in the EBV DNA fragments used as probes (b), based on the DNA sequence of the B95-8 genome. In (b) numbers above the lines indicate nucleotides in the B95-8 sequence. Numbers below the lines indicate major fragments (in bp) resulting from complete digestion with MspI; the cleavage sites of the enzyme are represented by small vertical bars. Thick lines indicate important coding or regulatory sequences within the regions probed. The following probes were used: (i) an EcoRI-BamHI subfragment from the BamHI C fragment (nucleotides 7315 to 13 215) covering oriP, the latent origion of EBV replication (Yates et al., 1984) ; (ii) the BamHI W fragment containing a B cell-specific'enhancer (W ENH) (Ricksten et al., 1988) ; (iii) the BamHI H fragment partly covering EBNA 2 coding sequences and containing oriLyt, the lytic origin of EBV replication (Hammerschmidt & Sugden, 1988) ; (iv) the BamHI M fragment containing coding sequences for early antigens (open reading frames BMRF 1 and BMRF 2); (v) the BamHI E fragment encoding EBNA 3, 4 and 6; (vi) the BamHI K fragment.encoding EBNA l ; (vii) a 2.4 kb MluI subfragment of the EcoDHET fragment covering the coding sequences of LMP (nueleotides 167129 to 169 566); (viii) a 0.8 kb BglI fragment (nucleotides 169 449 to 170290); or (ix) a XhoI-EcoRI fragment (nucleotides 169 424 to 172 284) for the analysis of regulatory sequences (LRS) of the LMP gene (F~thraeus et al., 1990) . (ii) Immunoblotting. Immunoblottirtg was performed as described earlier . A previously characterized serum (LH) from a healthy EBV-seropositive donor was used as the source of antibodies for the detection of EBNA 1 and EBNA 2b. A monoclonal antibody (MAb) (PE-2) recognizing EBNA 2a and EBNA 2b was a gift from Dr Martin Rowe ((;PC Laboratories, Birmingham, U.K.). LMP was detected by the S12 MAb provided by Dr D. Thorley-Lawson (Department of Pathology, Tufts University School of Medicine, Boston, Mass., U.S.A.).
Analysis of surface markers. MAbs J5, 38.13, MHM6, LB-1 and B2 were used. J5 detects CD10, the common acute lymphoid leukaemia antigen (CALLA); 38.13 detects CD77, a BL-associated antigen (BLA), also expressed on germinal centre B cells; MHM6 detects CD23, expressed on activated B cells; LB-1 detects CD39, an antigen present on both B and T blasts; B2 detects CD21, the EBV C3d receptor (complement receptor type 2), a membrane glycoprotein permitting EBV infection and implicated in triggering B cell activation. Standard indirect immunofluorescence reactions were performed with all antibodies as described earlier (Ehlin-Henriksson & Klein, 1984) .
DNA isolation and analysis of DNA methylation. High Mr DNA was isolated from cell lines and biopsy samples as described previously . Aliquots containing 10 gg DNA were digested with excess amounts of either HpalI (a CpG methylation-sensitive enzyme) or MspI (CpG methylation-insensitive), both recognizing the sequence CCGG (Waalwijk & Flavell, 1978) , as in a previous study . Separation of the digested DNA fragments by agarose gel electrophoresis, transfer to Hybond N membranes (Amersham) and hybridization with [32P]dCTP-labelled, cloned EBV fragments were done according to standard procedures (Maniatis et al., 1982) . Fuji films were used for autoradiography. The probes were removed from the filters by repeated washing (10 min each) in boiling 0.1 × SSC, 0-1% SDS. Complete removal of label was confirmed by autoradiography before hybridization with a new probe.
Probes. Cloned EBV DNA fragments were kindly provided by Dr Lars Rymo, Gothenburg, Sweden. The following probes were used (see also Fig. 1 ): an EcoRI-BamHI subfragment from the BamHI C fragment (nucleotides 7315 to 13 215), covering oriP, the latent origin of EBV replication (Yates et al., 1984) ; the BamHI W fragment; the BamHI H fragment partly covering EBNA 2 coding sequences and covering oriLyt, the lytic origin of EBV replication (Hammerschmidt & Sugden, 1988) ; the BamHI M fragment containing coding sequences for early antigens; the BamHI E fragment, encoding EBNA 3, 4 and 6; the BamHI K fragment, encoding EBNA 1 ; a 2.4 kb MluI subfragment of the EcoDHET fragment, covering the coding sequences of LMP (nucleotides 167129 to 169566); a 0.8 kb BglI fragment (nucleotides 169449 to 170290) or a XhoI to EcoRI fragment (nucleotides 169424 to 172284), for analysis of the regulatory sequences (F~thraeus et aL, 1990) of the LMP gene.
Results

Methylation of selected EB V DNA regions-in BL and LCL cell lines carrying the same virus
We observed earlier that the sequences encoding EBNA 1 (in the BamHI K fragment ofEBV DNA) and LMP (in the BamHI N fragment) are differentially methylated at HpalI sites in the BL cell line Rael and in an LCL (CB-M1-RaI-STO) derived from the cocultivation of cord blood cells with Rael as the virus source . Analysis of the BamHI C, W and E fragments ( Fig. 2) showed that the difference in CCGG methylation extended to these regions as well. EBV DNA was unmethylated in CB-M 1-Ral-STO in the BamHI C and E fragments as indicated by the identical size of the HpalI and MspI fragments. In the BamHI W fragment the bands were partly identical and partly different ('mixed pattern'), indicating a heterogeneity in the methylation of the CCGG sites probed or, alternatively, a heterogeneity among the multiple genomes carried by the cells. In contrast, the BamHI W and E fragments were highly methylated, whereas the BamHI C fragment showed a 'mixed pattern' of methylation in Rael (Fig. 2) . These data confirm and extend our earlier results obtained by SmaI (a methylation-sensitive enzyme recognizing CCCGGG) cleavage of these DNAs; the unmethylated, approximately 1 kb HpalI fragment in the BamHI C fragment of Rael partly covers oriP, the latent origin of EBV DNA replication, as observed earlier ) using a probe specific for this fragment. Fig. 3 shows the methylation pattern of BamHI C, W, E and N (LMP coding) fragments in three BL biopsies. All HpaII fragments differed in size from the corresponding MspI fragments in the LR tumour, although the difference in the BamHI C fragment was only minor (Fig. 3a to d) . The RAO and JM tumours also carried highly methylated EBV genomes (Fig. 3 a to d) , although some of the fragments were of identical size after digestion with both isoschizomers. This is shown by a 0.5 kb BamHI W fragment in JM or the smallest fragments detected by the BamHI C probe in RAO and JM (see Fig.  3b and a, respectively). Table 2 shows the HpaII and MspI cleavage patterns of the BamHI C, W, H, M and E fragments in BL biopsies LY, RU and RX. Off-sized HpaII fragments could be detected in each of the probed regions.
EBV DNA methylation in BL biopsies
It can be concluded that EBV DNA is predominantly methylated at the HpaII cleavage sites in all six BL biopsy samples.
Methylation pattern of the EBV DNA in LCLs
In addition to CB-M1-Ral-STO, three other LCLs were analysed (listed in Table 1 ). All probed EBV DNA regions were unmethylated in the B95-8 EBV-immortalized LCL (CBC-E95-C30) and in an LCL (CBC + Tumour C15 BB) which carries a virus rescued from NPC C15, a nude mouse-passaged NPC cell line ( Table  2 ). The LCL (CB-M13-Jijoye-STO) transformed by the virus rescued from the BL cell line Jijoye M13 also contained predominantly unmethylated EBV genomes, although HpaII fragments of different size were also present in the BamHI W, E and K fragments (Table 2) . Thus, hypomethylation of EBV genomes is a characteristic feature of LCLs, irrespective of the origin of the viral strain. This is in agreement with methylation data (also included in Table 2 ) available on LCLs from other studies.
EBV DNA methylation in serially propagated BL lines
We examined the EBV methylation status in the eight BL cell lines listed in Table 1 . Rael is a stable group I BL cell line that has maintained its phenotype despite continuous culturing over several years. Most other EBV-carrying BL lines tend to drift to a more LCL-like phenotype. Accordingly, EBNA 2 was synthesized in all of the cell lines studied which carry an intact EBNA 2 gene, except Rael and Jijoye M13 (Table 1) .
The synthesis of EBNA 2b in Jijoye p79 suggests that this subline has progressed further in its drift towards an LCL-like pattern of EBV gene expression, compared to the Jijoye M13 line; this was confirmed by the pattern of surface markers (Table I ). The expression of BL markers CD10 and CD77 was reduced in Jijoye p79 compared to Jijoye M13, whereas expression of the activation markers CD39 and CD21 showed the opposite pattern.
As shown in Table 1 , a high level of CD10 (CALLA) was also retained in Rael, Daudi and P3HR-1 ; it was less highly expressed in WW-1 BL, Seraphine and Odour. CD 77 (BLA) was highly expressed in P3HR-1 and less so in the other BL cell lines. The activation marker CD23 appeared on the surface of all BL cell lines with the exception of Rael and P3HR-1. CD39 and CD21 could not be detected on the surface of Rael cells; they were present on the other cell lines although the level of expression was variable. This is consistent with the phenotypic drift of these lines.
The methylation patterns of selected EBV DNA regions in BL cell lines are shown in Table 2 . Jijoye M13 showed a mixed pattern of EBV DNA methylation whereas the more LCL-like Jijoye p79 contained predominantly unmethylated EBV genomes (like the LCLs), although partial methylation could be observed in the BamHI W, E and K fragments (Table 2) . EBV genomes are highly or moderately methylated in Daudi, partially methylated in P3HR-1, WW-I BL and Odour, and essentially unmethylated in Seraphine, regardless of the region investigated (Table 2) .
Methylation pattern of the BamHI W and E regions of the EBV genome in phosphonoformic acid (PFA)-treated cells
Linear, predominantly unmethylated EBV DNA is synthesized when cells with latent circular genomes enter the virus replicative cycle and express the EBVassociated DNA polymerase (Goodman et al., 1978; Perlman et al., 1982; Szyf et al., 1985) . In a cell population which carries multiple copies of methylated EBV genomes, the unmethylated viral DNA molecules generated in high numbers during lytic replication may shift the distribution of restriction fragments generated by HpalI. Thus, a highly methylated pattern can change into a mixed pattern. To examine the possible influence of lytic EBV replication, we inhibited the lytic cycle in P3HR-1 and Jijoye MI3 cells with PFA. This drug is an inhibitor of the EBV-associated DNA polymerase (Oberg, 1983) , similar to phosphonoacetic acid (PAA; Summers & Klein, 1976) . The MspI cleavage pattern of control and PFA-treated ceils was identical, although the intensity of the bands diminished in the PFA-treated cells (Fig. 4a, b) . Using PAA, Shaw (1985) also observed reduction of EBV DNA content in P3HR-1 cells. The distribution of HpalI restriction fragments was different in control and PFA-treated P3HR-1 or Jijoye M13 cells. Unmethylated HpaI1 fragments gave a less intense signal (P3HR-1 + PFA, probed with BamHI W, see Fig. 4a ) or completely disappeared after PFA treatment (Jijoye M13+PFA probed with BamHI W or BamHI E; P3HR-1 + PFA probed with BamHI E, see Fig. 4a, b) .
Conversely, the HpalI cleavage pattern was identical in control and PFA-treated Rael cells, which do not enter the lytic cycle spontaneously (Fig. 4c, d ). PFA treatment did not change the pattern of methylation of the BamHI W fragment in the case of Jijoye p79 and CB-M1-Ral-STO either (Fig. 4e) .
Methylation of the EBV genome in nude mouse-passaged NPCs
We have found previously that the BamHI W repeats and LMP coding region of the EBV genome are highly methylated in NPC C15, a nude mouse-passaged NPC .
We have now found that the HpalI recognition sequences are also methylated in the BamHI H, M and E fragments in NPC C 15, but are unmethylated in an LCL (Table 2) . NPC C18, another nude mouse-passaged NPC , showed a mixed pattern of methylation in all regions investigated (Table 2 ).
Discussion
We have found previously that the three main EBVcarrying cell types propagated in vitro or in vivo, BL, LCL and NPC, differ in their methylation of selected viral D N A sequences . Two important questions arose from these findings. Were the EBV episomes highly methylated in BL and NPC tumours in vivo or was this a secondary effect of serial propagation ? Was there an overall difference in EBV D N A methylation between these phenotypes, or was it restricted to the regions analysed in the previous study?
Probing of six BL biopsies confirmed that the highly methylated viral genomes were already present in the in vivo tumours (see Fig. 3 and Table 2 ).
Similar findings were made with NPC biopsies (unpublished results).
In response to the second question, we have found that the methylation differences between BL cell lines and LCLs extend to many other areas of the viral genome as well. There is a clear difference between BL biopsies and LCLs transformed in vitro in the methylation status of the viral genome in all of the regions assayed (Table 2) . Regions including putative regulatory sequences of the genes encoding growth transformation-associated proteins (in the B a m H I C and W fragments) as well as coding and flanking sequences of these genes (in the B a m H I H, E and N fragments), or coding sequences of antigens expressed only in the lytic cycle (in the B a m H I M fragment), were found to be extensively methylated in the BL tumours but hypomethylated in the LCLs. Thus, depending on the host cell, the predominantly unmethylated EBV D N A present in the virions (Perlmann et al., 1982) either undergoes methylation de novo or remains hypomethylated. De novo methylation may occur at the stage of phenotypic transition from blast to resting cell as postulated earlier (Klein, 1989; Ernberg et al., 1989) , or it may happen at a later stage of normal B cell development, neoplastic transformation or tumour progression. A recent analysis of CpG, T p G and CpA dinucleotide frequencies also suggested that the EBV D N A may be subjected to methylation pressure in a natural host cell (presumably the cell carrying latent EBV) (Honess et al., 1989) .
The two nude mouse-passaged NPCs showed a high (NPC C15) or a moderate (NPC C18) level o f E B V D N A methylation, respectively (Table 2) . We and others observed previously that the B a m H I W repeats and LMP coding sequences are highly methylated in the C15 tumour AUday et al., 1990) . Here we have shown that other regions of the viral genome (the BamHI H, M and E fragments) are also methylated. Analysis of DNAs extracted from nine NPC biopsies showed that the BamHI W and LMP coding regions are highly methylated in these tumours as well (Hu et al., 1991) .
In contrast to the Rael line, which has a stable group I BL phenotype and keeps the pattern of EBV gene expression characteristic of BL biopsies, the other BL lines drifted towards an LCL-like phenotype and EBV gene expression (see Table 1 ). They tended to shift from high to mixed pattern methylation and, in two cell lines (Jijoye p79 and Seraphine), to LCL-like hypomethylation of EBV DNA. Although there is only a loose correlation between these phenomena, the connection is clearly illustrated by the two Jijoye sublines; the more LCL-like Jijoye p79, which expresses EBNA 2, contains hypomethylated EBV DNA sequences, whereas Jijoye M13, which resembles more greatly the BL biopsy phenotype, harbours more extensively methylated EBV genomes. In Jijoye M 13 the mixed pattern of viral DNA methylation is partly due to the spontaneous activation of the lyric cycle in a minority of cells. This generates hypomethylated viral DNA sequences. Accordingly, PFA treatment shifted the methylation pattern of Jijoye M13, but not that of Jijoye p79, towards a more methylated one.
It is difficult to establish the exact relationship between DNA methylation and expression of EBV genes. However, it seems clear from our previous and present results that there is no correlation between methylation and expression as far as the structural genes are concerned. EBNA 1 is expressed both in Rael and CB-M 1-RaI-STO, and its coding sequences are methylated in the former but unmethylated in the latter . In addition, the LMP coding sequences are highly methylated independently of the expression of this protein (judged by immunoblotting) in NPC biopsies (Hu et al., 1991) . We also found that the coding sequences of lytic cycle proteins in the BamHI M fragment also follow the cell phenotype-dependent methylation pattern in BL biopsies, LCLs, and NPC and BL cell lines ( Table 2) .
As reported elsewhere, there was a correlation between the absence of DNA methylation of the LMP control region and expression of the LMP protein in NPC biopsies (Hu et al., 1991) .
The genome of herpesvirus saimiri, a lymphotropic virus related to EBV (Gompels et al., 1988) , is highly methylated in non-producing but unmethylated in virusproducing cell lines (Desrosiers et al., 1979) . Based on the differential methylation of the viral genome in latently or productively infected cells of a lymphoid cell line, a role for extensive DNA methylation in the maintenance of herpes simplex virus type 1 latency was also proposed (Yousuffian et al., 1982) . Our data show that both highly methylated and hypomethylated EBV genomes can be maintained in a latent state in different host cells. Thus, a high level of methylation of the EBV genome may not be the only mechanism contributing to the maintenance of the latent state.
